To address the molecular mechanism of T cell receptor (TCR) signaling we have formulated a model for T cell activation, termed the 2D-affinity model, in which the density of TCR on the T cell surface, the density of ligand on the presenting surface and their corresponding two-dimensional affinity determines the level of T cell activation. When fitted to T cell responses against purified ligands immobilized on plastic surfaces the 2D-affinity model adequately simulated changes in cellular activation as results of varying ligand affinity and ligand density. These observations further demonstrated the importance of receptor cross-linking density in determining TCR signaling. Moreover, it was found that the functional two-dimensional affinity of TCR ligands was affected by the chemical composition of the ligand-presenting surface. This opens for the possibility that cell-bound TCR ligands, despite their low affinity in solution, are of optimal two-dimensional affinity thereby allowing effective TCR binding under physiological conditions, i.e. at low ligand densities in cellular interfaces.
Introduction
Most T cells present αβ T cell receptors (TCR) on their surface. The natural ligands for these receptors are small antigenic peptides bound to MHC molecules (pep-MHC) on the surface of other cells with which T cells interact (1) . Antigen recognition can results in various protective functions including release of cytokines to cause local inflammation and specific killing of virusinfected cells (2) .
The TCR comprises the α/β subunits which recognize pep-MHC and the signal transducing subunits δ, ε, γ and ζ (CD3-ζ complex) which contains the immunoreceptor tyrosine-based activation motifs (ITAMs) (3) . Signaling of the TCR/CD3-ζ complex can be viewed as a dynamic phophorylation/dephosphorylation equilibrium of ITAMs where the steady-state levels of phophorylated ITAMs is low in un-stimulated T cells (4) . The molecular mechanism by which ligand-bound TCR perturbs this equilibrium is unknown.
One way to help identify the molecular features underlying TCR signaling is to develop mathematical models capable of simulating TCR signaling. Describing TCR signaling as a dynamic equilibrium indicates that it should be possible to model T cell behavior using mathematical expressions involving the binding constants of TCR/ligand interactions. Moreover, as recently 5 supernatant using affinity chromatography followed by ion exchange chromatography.
Superantigen were produced in E coli and isolated from the periplasm as previously described (22) .
Preparation of ligand coated surfaces. Maxisorb TM microtiter plates (NUNC A/S Denmark) were termed surface A and treated with 50 µl of a PBS containing 10µg/ml protein A (Pharmacia, Sweden) over night at +4 o C prior to use with antibodies. Plates were blocked for >1hours with PBS containing 2% Bovine Serum Albumin (Sigma, USA). Antibodies at 10 µg/ml in PBS + 0.2% BSA were diluting against a non TCR-binding antibody at similar concentration in order to keep the level of protein A binding constant and thereby secure that the dilution factor was also represented on the surface. Antibody dilutions were incubated together with immobilized protein A for >2hours after which excess antibody was removed by washing. Alternatively, surface A was prepared by coating maxisorb plates with serial dilutions of each superantigen (SEC3) variants. To ensure uniform coating at different concentrations SEC3 molecules were diluted into PBS containing 5 µg/ml BSA. (see table) . 
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The average surface area of A5 T cell hybridomas were calculated from the cell diameter in growth medium (4µm) and multiplied by a correction factor of 1.8 to compensate for the roughness of the cell surface (Cell surface area = 4 * Π * (4µm) 2 immuno assays, as previously reported (20) . Curves were fitted using the Sigma Plot software (SPSS inc., Chicago, USA). Fits were done using the least-square Marquardt-Levenberg algorithm.
T cell stimulation experiments were fitted directly using a combined expression of equation 
Results

Modeling T cell responsiveness by laws of mass action.
T cells are activated when brought into contact with surfaces displaying ligands that interact with the TCR. The natural stimulus is other cells displaying antigenic pep-MHC complexes on their surface. However, purified TCR ligands coated onto surfaces composed of materials such as glass, agarose or plastic (polystyrene) are generally found to be effective mimics of the antigen presenting cell (APC) and thus able to activate T cells. Regardless of surface, it appears reasonable to assume that laws of mass action guard initial contacts between TCR and ligand. Only few and relative specialized methods exist for measuring binding constants between molecules attached to surfaces (25) (26) (27) . To bypass this difficulty, we propose to use affinities, i.e. equilibrium dissociation constants (K d ), measured in solution as basis for estimates of affinities in cellular interfaces.
On theoretical grounds, Bell suggested that the affinity in solution (K d(3D) ) and the affinity in a cellular contact area (K d(2D) ) are related by a constant (σ) which is proportional to the height of the confined region in which binding occurs (28).
Theoretically, the confinement region height has been predicted to be in the 1-10nm range (29) and furthermore recently demonstrated experimentally by Dustin and collegues (24, 30) .
Having determined a relationship between the affinities measured in solution and the affinity between molecules attached to apposing surfaces, we are able to compute the density of bound receptors using the law of mass action (eq. 2) and the law of mass conservation (eq. 3a and 3b),
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where R is the response level and K stim. is the proportionality constant expressing the increase in stimulation per TCR/ligand complex in the initial contact area. Thus, equation 1-4 allows us to make a single equation (eq. 5), which describes the relationship between ligand density, receptor density, solution affinity and cellular response.
As the 2D-affinity model promises the ability to fit cellular responses directly, initial analysis could be done using existing datasets, which described activation of T cells as a function of ligand affinity and ligand density (20) . The TCR ligand was a panel of antibodies of predetermined affinity against the variable domain of the TCR β-chain and T cell activation was determined by activation of the transcription factor of activated T cells (NFAT) (31) . In order to become biologically active, the antibodies were immobilized on polystyrene plastic surfaces (surface A) coated with protein A.
Ligand and receptor densities were determined independently of the biological assays by radio immuno-assays and FACS, respectively. Results in Figure 1A demonstrate that antibody-coated surfaces were potent activators of T cells. Response curves showed that high TCR affinity activated most cells with a gradual drop in potency as the affinity of the antibody decreased. For antibodies of highest affinity an optimum was reached after which the response started to decline. This decline was only evident at unphysiologically high ligand densities (>200 sites/µm 2 ) and it therefore appeared reasonable to exclude the declining phase in order to simplify the modeling.
Response curves for the whole antibody panel were fitted globally to equation 5 using the predetermined values for K d(3D) , TCR density and ligand densities. Plotting the fitted lines together with the experimental data points (figure 1B) showed that the 2D-affinity model was able to model many of the observed features of the response curves. First, it described the relative ranking in potency of the ligands of different TCR affinity. Second, it described the increase in steepness of the response curves as the affinity of the ligand increases in contrast to the flatter profile of the low affinity response curves. In addition, statistical analysis (Table I) Figure 1C ) and ~57% of the plastic bound antibodies were estimated to be biological active (Table I ). Residual plots showed that antibodies of high affinity were now fitted with equal quality as those of low affinity. The increase in fitting quality was also evident by statistical analysis where the R 2 became closer to one while P values were still significantly small (Table I) . Inclusion of f ac had no effect on K stim and caused a marginal 2-fold decrease of σ to 1.4 µm.
A σ value of 1.4 µm suggests that binding is confined to a relative large volume, several times the height of an antibody or a TCR. This contrasts theoretical predictions and the few experimental estimates of σ that were in the 1-10 nm range (discussed above). Regardless, the antibody-coated plastic surfaces were able to stimulate T cells with only a few ligands per µm
To address the role of ligand topology and to test the generality of the 2D-affinity model we tested the fitting procedures on T cells stimulated by bacterial superantigens. The superantigens were variants of Staphylococcus enterotoxin C3 (SEC3), which had been selected for enhanced binding to TCR (20) . The cellular assays were the same as used with the antibodies: T cells were stimulated by serial dilutions of superantigens coated onto surface A and cellular activation was determined by NFAT activity (Figure 2A ). The completeness of the data set was not sufficient to allow estimates of f ac (data not shown). However, fitting of response curves using equation 5 gave nice fits as judged by graphical ( Figure 2B ) and statistical (Table I) analysis. As for the antibodies, σ was determined to be relative large and K stim was almost identical for the two sets of ligands (Table I ). It therefore appeared that immobilized anti-TCR antibodies and superantigens were equal in their ability to activate T cells. The 10-fold higher σ values of the SEC3 variants relative to the antibodies could be explained by the inability of the relative hydrophobic surface A to co-align with the negatively charged cell surface. Precise membrane alignment has previously been suggested to be an important factor in enhancing the affinity between membrane proteins (24) . The smaller size of SEC3 relative to the antibody would therefore make the interaction more sensitive to poor alignment of the apposing surfaces and hence increase σ.
Change in surface chemistry enhanced the functional affinity of TCR ligands
In their attempt to develop theoretical models for cellular adhesion, Bell and colleagues predicted that the two-dimensional affinity of surface-bound proteins could be affected by electrostatic forces acting on the apposing surfaces (32) . Also, a recent study has demonstrated that membrane roughness can modulate the effective affinity of membrane proteins (33) . Taken together with the unexpectedly high σ values for antibodies and SEC3 variants on surface A, it appeared possible that chemical changes of the ligand-presenting surface could enhance the 2D-affinity of immobilized ligands. Accordingly, another plastic surface (surface B) was tested for its ability to present ligands to T cells. Surface B was chemically equivalent to the surface A but subjected to stronger irradiation (i.e. stronger oxidation) in the manufacturing process and therefore less hydrophobic and more electro negative. To exclude that surface charge had any direct effect on antibody affinity the two surfaces were compared by a sandwich ELISA approach. Antibody variants of medium affinity were immobilized on the two plastic surfaces and assayed for binding to soluble TCRβ chain Figure 3C ). Fits were similar in quality to those obtained by the SEC3 variants as judged by the residuals ( Figure 3C ) and the statistical analysis (Table I) . σ was estimated to 98 nm which corresponds to a 15-fold increase in 2D-affinity relative to surface A and the theoretical curves also showed signs of approaching an affinity limit. K stim matched the previous results indicating that the biological activity of each receptor/ligand complex was the same on the two surfaces. The active fraction of antibodies dropped to ~20% which was 3-fold lover than on surface A. Excluding protein A by attaching the antibodies directly to surface B would lead to a more random orientation of antibodies thus explain the drop in activity. Nevertheless, the results showed that the 2D-affinity was dependent on the chemical composition of the presenting surface.
Direct fitting of cellular responses of pep-MHC stimulated T cells
To Relative to our estimates of ~1.5µm and ~50nm on plastic surfaces this suggests an even better alignment of the T cell surface with the lipid bilayer (30).
The ability of the 2D-affinity model to fit different experimental conditions allowed us to simulate T cell responses assuming different ligand-presenting surfaces. In agreement with our experimental data on surface B, the simulations show that for each simulated condition an affinity limit existed. Enhancing the affinity beyond that limit did not cause any further increase in stimulation due to lack of free ligand. Interestingly, we observed that when the confinement region height became small, representing the APC, the theoretical affinity limit of 10 How can the increase in two-dimensional affinity be understood? Binding at equilibrium (the affinity) is equally determined by the rate by which molecules attach (the on-rate) and the rate by which the separate (the off-rate). Comparison of off-rates of adhesion molecules attached to membranes of in solution showed little difference (42). Any increase in affinity as a consequence of reduction in confinement region must therefore be linked to the on-rate. As the volume in which binding occurs gets smaller the encounter frequency of two independently moving molecules increases. This also increases the chance of complex formation and thereby increases the on-rate.
On the contrary, the off-rate is independent of concentration of the reactants and should therefore be insensitive to changes in confinement region size. Based on these simplified considerations, we
propose that the increase in functional affinity presented in this study mainly arises from increasing the on-rate, i.e. the rate by which complexes form in the cellular interfaces.
So, even though TCR ligands are of relative high affinity in cellular contexts, they could still posses' relative fast dissociation rates thus allowing serial triggering and kinetic proof reading.
Nonetheless, as we did not observed any specific dependency on fast dissociation it appears that if serial triggering is involved in TCR signaling it must rely on the general dynamic nature of the immunological synapse (IS) rather than on the half-live of individual interactions. Furthermore, as stimulation did not correlate specifically to the off-rate kinetic proof reading did not appear to be the determining factor. However, the results of the present study and the principles of kinetic proof reading are not mutually exclusive.
The kinetic proof reading model indicates that sub-optimal half-lives of TCR/ligand complexes leads to partial assembly of the initial signaling complex thereby causing a negative signal. The main purpose of the kinetic proof reading model is to explain differential signaling seen for peptide antagonists and positive and negative selecting peptides in the thymus (7, 8) . These interactions are characterized by having very short half-lives typically of less than 1s (14, 36) 
